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The accurate sorting of proteins to their cellular destinations is 
of fundamental importance in biology and must occur with high 
precision in the context of a highly concentrated and extremely 
complex mixture of proteins. The identifi  cation of the “codes” 
carried by proteins that ensure their proper intracellular sorting 
has been a topic of intense and fruitful research for >40 yr. As 
a result, most introductory textbooks now include descriptions 
of the canonical signals that direct the sorting of proteins to 
the   secretory pathway, mitochondria, nucleus, and lysosomes, 
as well as the signals for ER or Golgi retention and endocytosis, 
to mention but a few. However, a similar statement cannot be 
made for the protein signals required to direct proteins to dense 
core secretory granules (DCSGs). These cytoplasmic organelles, 
which are present in endocrine and neuroendocrine cells, store 
hormones, proteases, and signaling molecules until the cell 
  receives a signal for their release. As such, they are the key com-
ponent in the regulated secretory pathway. Why has the identifi  -
cation of DCSG sorting signals been such an elusive goal?
Three truths and three postulates
There has been a lot of debate not only about how DCSG sorting 
occurs but also about exactly where in the cell this triage takes 
place. All cells have the capacity to rapidly secrete   proteins 
after their transit through the constitutive secretory pathway. 
A great deal of evidence supports the view that in the appro-
priate cell type, DCSG sorting signals can redirect proteins 
from the constitutive secretory pathway to DCSGs, thus con-
fi  rming that it is not a default secretory pathway. Some groups 
have proposed that DCSG sorting occurs through the action of 
a sorting “receptor” present in the TGN that latches onto granule-
destined proteins at sites where nascent granules will bud 
(Chung et al., 1989; Cool et al., 1997). This has been referred to 
as the “sorting by entry” model. On the other hand, convincing 
evidence has been presented that in cells that generate DCSGs, 
all of the contents of the TGN are initially encapsulated into the 
nascent granules (Arvan and Castle, 1998). This “sorting by 
  retention” model proposes that those proteins destined to be se-
creted constitutively are progressively extruded in low-density 
vesicles as the granule matures, ultimately leaving only the cor-
rect cargo protein in the mature DCSG. The fi  rst truth is that, 
regardless of the site at which sorting occurs, a mechanism has 
to exist that establishes and then maintains the segregation of 
DCSG cargo proteins from those that are constitutively secreted. 
Thus, it is a reasonable postulate that some mechanism exists to 
anchor the appropriate cargo proteins to the DCSG as it forms 
or matures.
A second truth is that the sorting of proteins to DCSGs is 
a prerequisite for certain posttranslational processing steps in 
hormone and protease activation. For example, the conversion 
of proinsulin to active insulin, the conversion of proopiomelano-
cortin (POMC) to its many peptides, including ACTH, and 
the proteolytic activation of prorenin to renin all occur only 
  after the precursors are encapsulated in the nascent secretory 
granules (Orci et al., 1986; Taugner et al., 1987; Schmidt and 
Moore, 1995). This makes sense for the organism because it 
  ensures that the secretion of the active hormones or proteases is 
under appropriate physiological control. However, for granule-
restricted activation to occur, it is necessary that both the pro-
tein precursors and the appropriate processing enzymes end up 
in the same DCSG. In the case of proinsulin, this means that 
the proprotein convertases PC1/3 and PC2, as well as carboxy-
peptidase E (CPE), all of which are required for generation of 
active insulin, have to be cotargeted with proinsulin in the budding 
granules. Thus, a second postulate is that a mechanism exists to 
ensure effi  cient cotargeting of protein precursors and their pro-
cessing enzymes in the same organelle.
DCSGs also share, by defi  nition, the distinguishing trait 
of a core that appears dark or dense in electron micrographs. 
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However, in spite of this common appearance, there may be im-
portant functional and mechanistic differences in DCSGs. For 
example, the gonadotropes of the pituitary store luteinizing 
hormone and follicle-stimulating hormone in separate DCSGs, 
and their release is independently controlled (for review see 
Dannies, 2001). Likewise, there are two types of DCSG in chro-
maffi  n cells containing either epinephrine or norepinephrine, 
and these are morphologically distinct (Hendy et al., 2006). The 
signals for targeting proteins to DCSGs also show tissue- specifi  c 
variations; removal of 90 amino acids from the C terminus of 
the granin chromogranin A (CgA) prevents its sorting to  DCSGs 
in pituitary GH4 cells, but has no effect on DCSG sorting in 
sympathoadrenal PC12 cells (Cowley et al., 2000). Likewise, 
POMC is effi  ciently stored in DCSGs when transfected into 
cultured pituitary cells, but not in sympathetic neurons (Marx 
et al., 1999). Thus, a third truth is that not all DCSGs are alike, 
and it is a reasonable postulate that DCSGs can be assembled, 
even within the same cell, through more than one mechanism.
Could some of these truths explain the diffi  culties in reaching 
consensus on the protein signals necessary for DCSG targeting?
A plethora of signals, a paucity 
of consensus
There has been no shortage in the variety of DCSG sorting 
mechanisms proposed in the last 20 yr; these include protein 
domains that interact with or that traverse membranes and that 
may or may not interact with additional proteins on the cyto-
plasmic side of the DCSG, proteins proposed to be a “master 
switch” for granule formation, universal granule cargo receptors, 
protein domains that mediate aggregation in the late TGN, cer-
tain paired basic protease cleavage sites or α helices in secretory 
proteins, disulfi   de-constrained loops, acidifying proton pumps, 
and other mechanisms. As a result, investigators have become 
progressively entrenched in defending their favorite mecha-
nisms and commonly use the descriptors “controversial” and 
“difficult to repeat” to describe the work of others in their 
publications. Nevertheless, it is possible to accommodate most 
of these   fi  ndings in a model that subdivides targeting function 
into three components (Fig. 1): membrane associated (or travers-
ing) tethers, tether-associated cargo, and aggregation.
Peptidyl-α-amidating monooxygenase (PAM), phogrin, 
and muclin are all type 1 membrane-spanning proteins that are 
targeted to DCSGs (Bell-Parikh et al., 2001; Wasmeier et al., 
2002; Boulatnikov and De Lisle, 2004). In the case of phogrin, 
the granule sorting domain is located in the cytoplasmic tail 
of the protein, and although the exact nature of the signal is 
still debated, it appears that this domain can bind the clathrin 
adaptor proteins AP-1 and -2 in vitro (Wasmeier et al., 2005; 
Torii et al., 2005). Such interactions might provide a means 
of   communication between the granule cargo proteins and the 
membrane domains or cytoplasmic proteins that will defi  ne the 
budding DCSGs. The membrane-binding domains of the granule-
resident protein CPE (CPE; Dhanvantari et al., 2002) and the 
prohormone convertases PC1/3 (Jutras et al., 2000; Arnaoutova 
et al., 2003) and PC2 (Assadi et al., 2004) are also key for their 
targeting to DSCGs, and there is agreement that the granule 
sorting is mediated by short α helical domains. An α helical 
domain has also been shown to be important for targeting pro-
somatostatin (Mouchantaf et al., 2001), CgA (Taupenot et al., 
2002), and VGF (Garcia et al., 2005) to DCSGs. Recent results 
suggest that α helices with the ability to direct granule sorting in 
secretory proteins share the characteristic of charge segregation 
from a hydrophobic patch, which is consistent with a shallow 
membrane interaction (Dikeakos et al., 2007). This fi  rst group 
of DCSG proteins could therefore be said to be tethered to the 
membranes of the TGN or the maturing granule.
A second group of granule sorting domains may act by 
binding cargo proteins to these granule-tethered proteins. 
For example, CPE has been proposed to interact with several 
granule cargo proteins including proenkephalin, proinsulin, 
POMC (Cool and Loh, 1998), brain-derived neurotropic factor 
(proBDNF; Lou et al., 2005), and secretogranin III (SgIII; 
 Hosaka et al., 2005) to promote their retention in secretory gran-
ules, even though some of these are not enzymatic substrates 
Figure 1.  Proteins sorted to DCSGs can be functionally 
subdivided into three groups. Tethers (red) either traverse 
or associate with membranes. Many DCSG cargo proteins 
also aggregate to form the dense core (blue), and these 
aggregates may contain more than one protein. Some 
DCSG proteins associate with membrane tethers (arrows). 
The yellow boxes indicate the various protein domains or 
mechanisms that have been implicated in DCSG sorting. 
Note that some proteins (such as insulin) may have multi-
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of CPE. No common mechanism for interaction of these cargo 
proteins with CPE has yet emerged, although undefi  ned residues 
within an N-terminal disulfi  de-constrained hydrophobic loop in 
POMC (Loh et al., 2002) and acidic residues in proBDNF (Lou 
et al., 2005) have been reported, and both seem to be impor-
tant for sorting the respective proteins to DCSGs (Cool et al., 
1995; Lou et al., 2005). Paired basic amino acids have also been 
reported to direct DCSG sorting in some proteins, including 
proneurotensin (Feliciangeli et al., 2001), prorenin (Brechler 
et al., 1996), prothyrotropin-releasing hormone (Mulcahy et al., 
2005), and progastrin (Bundgaard et al., 2004), and to increase 
the sorting effi  ciency of proinsulin (Kuliawat et al., 2000). In 
the analyses performed to date, it appears that these paired   basic 
amino acids must constitute a cleavage site for one of the   granule-
resident prohormone convertases (PC1/3 or PC2) to function 
as a granule sorting domain because changing the cleavage site 
to one recognized by furin (another member of the family that 
cleaves its substrates in the early secretory pathway) causes the 
proteins to be secreted through the default constitutive pathway 
(Brechler et al., 1996). These results raise the   possibility that 
certain DCSG-targeted proteases can act as sorting chaperones 
for their substrates, in addition to being processing proteases. 
Muclin has also been suggested to act as a granule cargo re-
ceptor in pancreatic cells through its binding of sulfate groups 
on O-linked glycosylated proteins (Boulatnikov and De Lisle, 
2004). Atrial natriuretic factor (ANF) has also been shown to 
be tightly bound to the membranes of atrial myocyte secretory 
granules through its interaction with PAM (O’Donnell et al., 
2003), although it is not a substrate of PAM. Thus, a variety of 
interactions with “tethers” may serve to target proteins to secre-
tory granules. Notably, if this mechanism is correct, it would, in 
some cases, provide a means to ensure that processing enzymes 
and their substrates end up in the same DCSGs.
A third category of granule-targeting mechanisms in-
volves formation of high molecular weight protein complexes 
or aggregates. Indeed, many granule-targeted cargo proteins 
have the ability to multimerize or aggregate, leading, in most 
cases, to the formation of electron-dense cores. A direct corre-
lation between the ability to aggregate in vitro and to be sorted 
to secretory granules in transfected cells has been reported for 
rat pro-ANF (Canaff et al., 1996) and CgA (Jain et al., 2002). 
Because granins are acidic proteins that cluster in the slightly 
acidic environment present in DCSGs (for review see Dannies, 
2001) it has been suggested that aggregation may serve to prevent 
their extrusion from the maturing granule. Indeed, Taupenot 
et al. (2005) showed that treatment of PC12 cells with bafi  lo-
mycin A1, which is a specifi  c inhibitor of vacuolar H-ATPase, 
resulted in a decrease in regulated secretion of CgA with a con-
comitant decrease in visible DCSGs, suggesting that regulated 
secretion of CgA and dense core formation are linked in  DCSGs. 
Kim et al. (2001) also showed that silencing CgA expression 
in PC12 cells results in a loss of visible DCSGs, leading the 
  authors to the striking conclusion that CgA is not only a compo-
nent of the dense core, but that it is also a “master regulator” 
of DCSG biogenesis. Further work by Malosio et al. (2004) 
suggests that the role of CgA in this process may not be that 
simple; they found no correlation between DSCG content and 
CgA expression in isolated clonal lines of PC12 cells,  suggesting 
that other proteins could be contributing to DCSG appearance. 
In fact, expression of several other DCSG cargo proteins, in-
cluding provasopressin, prooxytocin, POMC, secretogranin II, 
and chromogranin B, is suffi  cient to induce aggregate- containing 
cytoplasmic vesicles, even in cells with no regulated secretory 
pathway (Beuret et al., 2004), although these probably do not 
display all of the functional characteristics of DCSGs  (Meldolesi 
et al., 2004). Regulating the formation of the aggregate may 
also be physiologically important. Knoch et al. (2004) recently 
reported that a polypyrimidine-binding protein (PTB), which 
is up-regulated under conditions of high insulin demand, stabi-
lizes messenger RNAs of many of these same DCSG cargo pro-
teins in insulin-producing cells and leads to increased granule 
formation. CgA has also been reported to induce the expres-
sion of PN-1, which is a serine protease inhibitor that slows 
the turnover of several DCSG cargo proteins (Kim and Loh, 
2006) that could provide an additional mechanism for increasing 
DCSG aggregate formation. Because CgA binds to another 
granin partner, SgIII (Hosaka et al., 2004), which, in turn, 
can associate with cholesterol (Hosaka et al., 2004) and CPE 
(Hosaka et al., 2005), aggregation may synergize with protein–
protein and protein–membrane interactions to improve the 
retention of cargo proteins in the maturing granule and their 
regulated secretion.
In mus veritas
In spite of the compelling arguments presented for these various 
DCSG sorting mechanisms, their translation to the whole  animal 
has been anything but simple. One example of this diffi  culty 
is the proposed role of CgA as a master regulator of granule 
  formation. Although down-regulation of CgA expression was 
reported to result in the loss of detectable DCSGs in cultured 
PC12 cells (Kim et al., 2001), CgA gene inactivation in mice 
leads to either a “reduction” (Mahapatra et al., 2005) or no dis-
cernable effect (Hendy et al., 2006) on DCSG formation in the 
CgA-rich adrenal chromaffi  n cells in two independent studies. 
In spite of the differences in the effects on DCSG morphology, 
both groups report a similar and dramatic effect on catechol-
amine secretion in the CgA-defi  cient mice, proving that CgA 
defi  ciency is not entirely without consequence. How can these 
apparent differences in the requirement for CgA be explained? 
One obvious possibility is that in vivo, other DCSG cargo pro-
teins can complement the function of CgA in the formation of 
the dense core, but cannot compensate for its absence in cate-
cholamine storage and secretion. In support of this possibility, 
the group that saw no effect of CgA inactivation on DCSG 
  formation reported an up-regulation of CgB and SgII in the ad-
renal glands of the engineered mice (Hendy et al., 2006). Thus, 
although CgA may affect DCSG formation in some cultured 
cells, this particular function can obviously be replaced in vivo. 
Nevertheless, although experiments to date have not identifi  ed 
a master regulator of DCSG formation, the concept may not be 
entirely wrong in specifi  c cell types; ANF inactivation in mice 
leads to a complete loss of visible DCSGs in the cardiac atrium 
(John et al., 1995), and inactivation of the renin gene leads to 
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of the kidney (Clark et al., 1997). It’s important to note, how-
ever, that regulated secretion can occur in the absence of a dense 
core as it does in many neurosecretory vesicles. In the case of 
the ANF and renin-defi  cient mice, it will be intriguing to deter-
mine if the remaining cargo proteins are still packaged in such 
vesicles in the absence of the aggregating partner.
A similar conundrum exists with CPE as a sorting re-
ceptor for a variety of DCSG cargo proteins. Cool et al. (1997) 
originally proposed CPE as the regulated secretory pathway 
sorting receptor because they observed endocrine disorders 
in the Cpe fat/fat mouse that harbors a mutation in the CPE 
gene. Proinsulin and POMC are among the several proteins 
that were shown to bind to CPE and that were proposed to 
  enter DCSGs by this association (Cool and Loh, 1998). However, 
recent results demonstrate that both proinsulin and POMC 
are correctly targeted to DCSGs in CPE fat/fat mice (Irminger 
et al., 1997; Hosaka et al., 2005). What are we missing in 
this picture?
Synergy and diversity in granule 
sorting mechanisms
Although there may be many reasons why it has been hard 
to derive a consensus for the mechanisms and components of 
the DCSG sorting machinery, the most intuitive is that we are 
the victims of our own scientifi  c reductionism, i.e., that in our 
search for a simple canonical sorting mechanism we have de-
veloped a grossly oversimplifi  ed view of the way in which pro-
teins enter DCSGs. Nearly 100% of the proinsulin produced in 
pancreatic β enters DCSGs (Rhodes and Halban, 1987), whereas 
only about 25% of the prorenin in the secretory pathway of kid-
ney juxtaglomerular cells is sorted to DCSGs (Pratt et al., 1987). 
What can explain these differences? Proinsulin contains numer-
ous potential DCSG sorting domains, such as a binding domain 
for CPE (Cool and Loh, 1998), two paired basic amino acid 
protease cleavage sites (Steiner et al., 1996), and the ability to 
hexamerize and subsequently aggregate (Quinn et al., 1991), 
whereas prorenin only contains a single DCSG sorting domain: 
a paired basic amino acid protease cleavage site (Brechler et al., 
1996). In the case of prorenin, changing even a single one of 
these basic amino acids completely eliminates DCSG targeting 
in tissue culture cells (Brechler et al., 1996). In contrast, neither 
the mutation of the protease cleavage sites (Halban and Irminger, 
2003) nor the hexamerization domain (Quinn et al., 1991) of 
proinsulin appears to affect its DCSG sorting. Combined with 
the fi  nding that proinsulin is still effi  ciently sorted to DCSG in 
CPE-defi  cient mice (Irminger et al., 1997), it has been tempting 
to dismiss the function of these putative sorting signals. However, 
another possible explanation is that, with its many DCSG sorting 
signals, proinsulin might be able to compensate for the loss of 
any single sorting domain. There is, in fact, some evidence to 
support the view that DCSG sorting signals can synergize; dupli-
cating the disulfi  de-constrained loop DCSG sorting signal nor-
mally found at the N terminus of CgB results in a greater sorting 
effi  ciency to DCSG than the native protein (Glombik et al., 
1999). Furthermore, combination of α helical and paired basic 
amino acid sorting domains on either the same protein or on two 
proteins capable of dimerizing led to a dramatic increase in 
DCSG sorting over proteins containing either individual do-
main (Lacombe et al., 2005). Thus, diverse sorting signals may 
be able to functionally complement each other even through 
protein–protein interactions. Complementarity in cellular sort-
ing machineries may also occur. Hosaka et al. (2005) also re-
ported that pituitaries of the Cpe fat/fat mouse contain   elevated 
levels of both SgIII and CgA that might compensate for the loss 
of CPE in targeting POMC to DCSGs.
All of these cases are consistent with the existence of mul-
tiple sorting mechanisms, each of which can contribute to the 
overall effi  ciency of protein sorting or retention in DCSGs. Cell 
types and the nature and/or the number of the sorting domains 
contained in the cargo protein would ultimately determine the 
extent to which each mechanism is active. Multimerization and 
aggregation could add synergy between mechanisms used by 
other DCSG cargo proteins in the aggregate. With such a model, 
it’s also easy to imagine how changing conditions within the 
cell could alter DCSG sorting effi  ciency of a protein, which is 
a potential control point that has important implications for hor-
mone secretion but has received little attention to date.
Conclusion
The past 20 yr have been marked by many interesting discov-
eries in DCSG targeting. Work to date has largely supported the 
three previously outlined postulates: (a) proteins exist that could 
explain the anchoring of DCSG cargo to the granule membrane, 
(b) protein complexes between processing enzymes and their 
substrates have been proposed that could explain how these end 
up in the same granules, and (c) the diversity of sorting mecha-
nisms helps to understand how there could be distinct DCSGs 
even within single cells and how there could be such a lack of 
agreement on the mechanism of DCSG sorting. Unfortunately, 
this lack of simple consensus has limited progress, primarily 
because of attempts to determine the role of single targeting 
motifs in given proteins in various cell culture models that may 
or may not be entirely appropriate. Although this approach has 
certainly not been without worth, a better understanding of the 
complexity of this important cellular event may help to design 
experiments that will help to signifi  cantly advance this fi  eld 
of research. Several important questions remain. How does the 
DCSG protein cargo identify the membrane patches that will 
make up the mature granule? Does this occur in the lumen of 
the TGN? Are specifi  c lipids involved? How do these complexes 
communicate with the cytoplasmic accessory proteins that are 
necessary for the formation of the budding DCSGs? In fact, 
  although it has been diffi  cult to explain the entry of proteins into 
DCSGs, we can expect that describing the assembly of proteins 
on the surface of the DCSGs that are necessary for their cyto-
plasmic transport, docking at the membrane, and exocytosis 
will be an equally daunting challenge. A recent report on the 
components of the functionally related synaptic vesicle identi-
fi  ed >400 associated proteins (Takamori et al., 2006). What 
is abundantly clear is that in the characterization of this unique 
organelle, there is still a lot to sort out.
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